We present the first simulation of the formation of a realistic disk dominated galaxy in a hierarchical scenario and study its internal properties to the present epoch. We use a set of extremely high resolution smoothed particle hydrodynamic (SPH) simulations that include cooling, star formation, supernovae (SN) feedback and a redshift dependent UV background. We compare results from a ΛCDM simulation with a ΛWDM (2keV) simulation that forms significantly less small scale structure. Higher resolution and a correct treatment of cooling play a major role in solving the angular momentum catastrophe claimed from previous simulations of galaxy formation within the hierarchical framework. Hence, a large disk forms without the need of strong energy injection, the z = 0 galaxies lie on the I-band Tully-Fisher relation, and the stellar material in the disk component conserves 40% and 90% of the original angular momentum in the CDM and WDM models respectively. The disk is dynamically cold when formed but gets heated by subsequent bar instabilities. Encounters with satellites play only a minor role in disturbing the disk. The ΛCDM galaxy has an overabundance of satellites, with total stellar mass in the halo 40% that in the bulge+disk system, while the ΛWDM galaxy has a drastically reduced satellite population and a negligible stellar spheroidal component. The satellites possess a variety of star formation histories linked to mergers and pericentric passages along their orbit around the primary galaxy. In both cosmologies, the galactic halo retains most of the baryons accreted and builds up a substantial hot gas phase with an X-ray emission an order of magnitude higher than current observational limits for large spiral galaxies. Therefore, while the ΛCDM scenario is successful in creating realistic stellar disks in massive galaxies, energy injection emerges as a necessary ingredient to reduce the baryon fraction in galactic halos, independent of the cosmology adopted.
INTRODUCTION
Within the current paradigm of galaxy formation, realistic disks form only if gas retains most of its angular momentum gained by torques from nearby structures while it cools at the center of cold dark matter (CDM) halos (White & Rees 1978 , Fall & Efstathiou 1980 , Mo, Mao & White, 1998 . First simulations of galaxy formation that included star formation (Lake & Carlberg 1988 , Katz 1992 provided strong evidence that hierarchical models do create rotationally supported stellar systems. However, simulations of galaxy formation in a full cosmological context have not yet been able to form realistic disk galaxies: dynamical friction suffered by dense gaseous lumps and subsequent catastrophic angular momentum loss caused typical disk scale lengths to come short of those observed (Navarro & White 1994 ). In addition, high resolution simulations of dark matter halos in CDM models have far more substructure ("satellites") than observations; encounters with these satellites could destroy the stellar disk component of spiral galaxies (Moore et al. 1999) .
If these dark subhalos were the main problem, any mechanism capable of reducing the lumpiness of galaxy assembly would lead to realistic disks. However, low resolution simulations (N ∼ 10 4 ) also suffer from excessive artificial viscosity and possibly excessive cooling due to a poor treatment of the energy evolution of the gas component during shocks (Springel & Hernquist 2002 ) that would overestimate the angular mo-mentum transfer. Poorly resolved simulations will also suffer from two-body effects if there are fewer than N∼ 10 5 within the stellar disk (Mayer et al. 2001) .
Together, the failure to build realistic galactic disks and the overabundance of substructure posed a formidable challenge to the CDM paradigm, suggesting that a fundamental ingredient is missing from our understanding of the formation of galactic and subgalactic structures. As possible solutions, stronger feedback recipes (e.g Thacker & Couchman 2000 (TC) and 2001 (TC01)), an external UV background produced by QSOs and massive stars (Quinn, Katz, & Efstathiou 1996 , Benson et al. 2002 , Somerville 2002 ) and alternatives to CDM (Spergel & Steinhardt 2000 , among others) have been advocated. Among alternative dark matter models, 'Warm Dark Matter" (WDM) (Pagels & Primack 1982) emerged as a good candidate as its lack of power at small scales could prove beneficial in reducing the number of subhalos and allowing a smoother accretion of gas, forming larger disks (Bode, Ostriker & Turok 2001 , Colín, Avila-Reese, & Valenzuela 2000 . Some of these solutions have been explored in recent studies (e.g. TC01, Sommer-Larsen & Dolgov 2001 , Sommer-Larsen, Gotz & Portinari 2002 with promising results.
To improve on previous works, we have performed a new set of smoothed particle hydrodynamic (SPH) simulations that use an unprecedented number of particles and high force resolution to gain new insight on the formation and internal structure of the stellar component of galaxies. These simulations implement cooling, star formation, supernova feedback and a UV background. In this paper, we describe the formation and evolution of the first realistic disk dominated galaxies formed in a cosmological numerical simulation and compare a high-resolution spiral galaxy formed in 2 different (ΛCDM and ΛWDM) flat cosmologies.
SIMULATION PARAMETERS AND INITIAL CONDITIONS
We adopted a flat Λ-dominated cosmology: Ω 0 = 0.3, Λ=0.7, h = 0.7, σ 8 = 1, shape parameter Γ = 0.21, and Ω b = 0.039 (Perlmutter et al. 1997 , Efstathiou et al. 2002 . Power spectra were calculated using the CMBFAST code to generate transfer functions (Zaldarriaga & Seljak 2000) . The ΛWDM model can be characterized in terms of the reduction in fluctuations on dwarf galaxy scales. For our choice of 2 keV neutrinos the fluctuations on scales smaller than ∼ 10 10.5 M ⊙ are vastly reduced. We retained the phases of the waves that describe the initial density field. These allowed us to discriminate between the different effects of the two power spectra used.
From a 100 Mpc box, low resolution simulation, we selected and resimulated (Katz & White 1993) at higher resolution a "typical" spiral galaxy candidate halo with mass 3 ×10 12 M ⊙ and a quiet merger history after z ∼ 2.5. The halo is relatively isolated and its formation time (defined as the main progenitor achieving 50% of its final mass) is z = 0.75. Its spin parameter, λ is 0.035 (0.03 for WDM) close to the average value for cosmic halos (Gardner 2001) . These constraints are consistent with the Milky Way forming several Gyrs ago (Wyse 2002) and predictions from semianalytical models (Baugh, Cole & Frenk 1996) .
To run the simulations, we used a parallel treecode+SPH with multiple timesteps. (GASOLINE, Wadsley, Stadel & Quinn 2002) . The code treats artificial viscosity as suggested in Balsara (1997) and has passed a variety of tests (Borgani et al. 2002) , including the two phase medium test in Springel & Hernquist (2002) . The high resolution region has dark matter and gas particles of mass 2.32×10 7 , 3.44×10 6 M ⊙ respectively. The rest of the simulation box was re-sampled at increasing particle masses for a total of nearly 1.1 million dark matter particles and 2.2×10 5 gas particles. For all particles species in the high resolution region, the gravitational softening, ǫ(z), evolved comovingly starting at z=100 until z=9, and remained fixed at 1 kpc from z=9 to the present. This choice of ǫ(z) reduces two body relaxation at high z in small halos. Integration parameter values were chosen as suggested in Moore et al. (1998) and in Power et al. (2002) . Most of the stars required 32,768 integration steps to z = 0, with a fraction of then requiring four times as many. With these parameters, these are among the highest resolution galaxy formation runs to date.
Two SPH simulations were run, one for each cosmology. Both runs included: Compton and radiative cooling, assuming a gas of primordial composition; and star formation and SN (type I&II) feedback, treated following the prescription described by Katz, Weinberg & Hernquist (1996) where stars spawn from cold, dense, Jeans unstable gas particles in regions of converging flows. After a gas particle is less than 10% of its initial mass due to multiple star formation events, it is removed and its mass is re-allocated among its gas neighbors. The adopted "minimal" feedback recipe dumps energy from SN into thermal energy of the nearest 32 gas neighbors. As energy is quickly radiated away in dense gaseous regions this feedback recipe is likely to have a weak effect on star formation (TC). The evo-lution and strength of the uniform UV background from QSOs followed Haardt and Madau (1996) and Haardt (2002, private communication) . To complement our study, we performed dark matter only simulations of this same halo at similar and eight times higher resolution. These simulations showed the main properties of the galaxy's dark matter halo (profile, spin) are not changed substantially by the introduction of WDM, as the galaxy mass is much greater than the mass cutoff at 10 10.5 M ⊙ .
RESULTS
Within the ΛCDM galaxy virial radius (defined by δρ/ρ crit = 97.1 at z = 0) there are ∼ 1.2 × 10 5 dark matter, 5 × 10 4 gas and 6 × 10 5 star particles. The main parameters of the galaxies at z = 0 are described in Table 1 . Star formation (Fig.1b ) begins at z = 10, before the external UV background kicks in at z ∼ 7. The star formation rate (SFR) peaks around z = 5 at 80 M ⊙ yr −1 while for the ΛWDM run the peak is delayed and is only 45 M ⊙ yr −1 at z = 4 due to the combined effects of removal of power at small scales and the active UV background when halos start forming.
In both cosmologies the bulge of the galaxy forms through a series of rapid major merger events that end by z = 2.7, turning mostly low angular momentum gas into stars. At z = 2.5 the hot gas (T> 10 5 K) left within 50 kpc has a higher specific angular momentum than the dark matter (van den Bosch et al. 2002) . The disk forms from the infall of this high angular momentum gas after the last major merger. The final 3-4 Gyrs of evolution are marked by a bar instability, seen in our own Milky Way (Cole & Weinberg 2002) , and repeated encounters of the galaxy with massive infalling satellites. 
The Galaxy Disk
The resulting galaxies show that we successfully formed extended and fairly old stellar disks in Λ-dominated hierarchical models. At z = 0 a thinner, younger disk component and an older thicker component are clearly distinguishable. The rotating disk is well fit with an exponential profile and extends out to six disk scale lengths (∼ 15 kpc, see Fig.1a ). Its average age at the solar radius is 9-10 Gyrs (8 for the WDM run), in agreement with current observational estimates (e.g. van den Bergh 1996).The final spiral galaxies are more massive than M31 and the Milky Way. In both cosmologies the circular velocity (defined as v c = (M(r<R)/R) 1/2 ) at the virial radius is ∼ 185 km sec −1 , while recent estimates (Klypin, Zhao & Somerville 2002 ) yield a v c at the virial radius around 150-160 km sec −1 . At at 2.2 disk scale lengths v c = 350 km sec −1 (320 km sec −1 for ΛWDM). Star formation has turned about 64% (55% for ΛWDM) of baryons into stars, with ΛCDM having a slightly larger bulge component. The bulge is defined as stars older than 10 Gyrs and within the region following a de Vaucouleurs profile. We verified that this definition selects stars with low angular momentum. At the final time only a small amount of gas within the virial radius remains in the cold phase (1.5% compared to 2% at z=0.25 and 9% at z=1 in the ΛCDM). Most of it is in the central disk. The exponential fits to the stellar disk mass distribution yield scale lengths of ∼ 3 kpc for the ΛCDM and ∼ 3.6 kpc for the ΛWDM galaxy. Bulge scale lengths are an order of magnitude smaller (Fig.1a) . By measuring the ratio of the specific angular momentum of the halo in a dark matter only version of the simulations to that of the stellar disk at z = 0, we found that ∼ 60% of the specific angular momentum has been lost in the ΛCDM galaxy and only 10% in the ΛWDM galaxy. The expected disk scale-length, R d , based on the models by Mo, Mao & White (1998) and Navarro & Steinmetz (2000) assuming an angular momentum loss of 50%, yields 3.39 kpc (ΛCDM) and 3 kpc (ΛWDM), respectively, very close to our results (Fig.1a) .
Using age and metallicity information from every star particle created and Single Stellar Population models (Tantalo, Chiosi & Bressan 1998) we find that at z = 0 the CDM galaxy has M I = −24.3 (including disk and bulge) and lies on the Tully-Fisher relation (Giovanelli et al. 1997) , Its disk B-R color is 1.05, while the average B-R in Courteau (1997) sample is 0.8.
Internal instabilities of the stellar disk and perturbations by satellites cause structural and kinematical changes in the disk, heating it substantially. The inner, colder regions where Q (Toomre's instability parameter) is initially < 2, become unstable to a bar-like mode at z < 0.5, which initiates a final epoch of star formation in the bar. The bar is considerably stronger in the ΛWDM galaxy, which has a smaller bulge and a colder disk. We tested that the galaxy becomes bar-unstable mostly because of its fairly massive disk (Efstathiou, Lake & Negroponte 1982 , Athanassoula & Selwood 1986 .
The Galaxy Halo
As expected in ΛCDM models, a rich amount of substructure develops and forms a substantial stellar component due to a combination of weak feedback and early star formation. In excess of what is observed for Andromeda or the Milky Way (Mateo 1998) the ΛCDM model has at least 30 satellites with stellar masses larger than 1.35 ×10 7 M ⊙ , Consistently with its lack of small scale power ΛWDM galaxy only has 7. 20% of the stars formed within the virial radius of the ΛCDM galaxy are in the satellites, and another 15% are in the halo within r>20 kpc. In comparison 15% of stars are in the ΛWDM satellite system (3 of them are within 35 kpc of its center) and only 0.2% of the stars are in the outer part of the halo.
The most massive (and best resolved) satellites show a large variety of star formation histories (Fig.1c) , in both cosmologies. Their star formation ceases a couple of Gyrs after entering the halo of the primary galaxy. At z = 0 the dwarfs that entered the galaxy halo at z ≥ 0.5 are supported by velocity dispersions, while those outside or that have just fallen in have recognizable disks, as expected if dynamical encounters are the major drivers of satellites morphologies as in the "tidal stirring" scenario (Mayer et al. 2001) . In both models, halo stars are quite old and originate from stripping during the formation of the bulge and the tidal stripping and destruction of early satellites.
The amount of baryons (including stars, cold and hot gas) within the virial radius is very close to the original cosmic abundance. Assuming a metal abundance of 0.3 solar the X-ray flux at z=0 is ∼ 10 42 erg/sec in both cosmologies. This is a factor ten more than expected from observations (Benson et al. 2000 , Murali 2000 . As expected with the weak feedback adopted, a hot gas phase is always present within the virial radius, and X-ray luminosity evolution is weak to z=1.
ROBUSTNESS OF NUMERICAL RESULTS
This set of simulations represents a significant advancement in galaxy formation studies. However, the limitations imposed by limited numerical resolution and our simple description of star formation processes must be evaluated.
With our adopted softening of 1 kpc, the inner part of the density profile (∼ 1% R vir ) is poorly resolved (e.g. Moore et al. 1998 ). This might have affected the formation of the inner parts of the bulge and stellar disk. Comparison with our higher resolution dark matter runs shows that the mass function of dark matter subhalos becomes severely incomplete below 30-35 km sec −1 .
With more than 10 5 particles within the virial radius, our simulations accurately follow the evolution of the hot gaseous phase (see tests in Frenk et al. (1999) and Borgani et al. (2002) ). A correct treatment of pressure gradients (e.g Springel & Hernquist 2002) coupled with high resolution that reduced spurious angular momentum loss from the disk through artificial viscosity and strong bar instabilities (Valenzuela & Klypin 2002) are the main reason that that we avoided the overcooling catastrophe and obtained a large stellar disk in our simulations.
Our feedback recipe is likely too simplistic, and although it models the build up of the disk population well, it does not stop star formation at high redshift in small halos. The paucity of cold gas in our final state shows that our star formation algorithm is likely too efficient.
To study the effects of numerical resolution (two-body relaxation and artificial viscosity) on the internal properties of the disk, we built an isolated galaxy system as in Springel & White (1999) , with no satellites and with the same numerical and structural parameters as our ΛCDM galaxy at z=0.6, i.e. before the disk heats substantially. On the time scale of 6 Gyrs, gas and stars within 5 disk scale lengths lose 20% of their angular momentum. An isolated galaxy with the same numerical resolution but a disk only 50% as massive does not show the bar instability and its angular momentum loss is much lower, implying that the late angular momentum loss is due to the bar instability rather than to numerical limitations. This experiment also shows that disk-satellite interactions have only a limited effect on the development of the bar instability. To show the effect of resolution on the robustness of the star formation algorithm, we resimulated a small dwarf galaxy (10 11 M ⊙ ) at the outskirts of our MW halo at 8× better mass resolution to z = 2. At higher resolution the stellar component became more rotationally supported as v/σ changed from 0.46 to 0.77 and its stellar mass decreased. However, the shape of SFR(z) did not change substantially, showing that we are qualitatively capturing the events that drive star formation in small galactic satellites. Due to its much higher number of particles, we expect star formation in the disk of the main galaxy to be much better resolved.
SUMMARY AND DISCUSSION
We simulated the formation of a disk galaxy in a cosmological context to the present time at unprecedented detail. Without resorting to strong feedback recipes, we successfully formed an object with bulge-to-disk mass ratios, scale lengths, current star formation, disk age and dynamical properties representative of those observed in present day massive spirals. Our results show that the catastrophic angular momentum loss reported in early works was mainly due to insufficient resolution.
WDM improves on the standard CDM model on a few aspects and leads to testable differences. Namely it reduces the number of satellites, has a smaller bulge and has almost no spheroidal component. However, WDM fails to solve the issues for which it was introduced: WDM does not make substantially more extended or colder disks.
The presence of a substantial fraction of hot gas, independent of the cosmology adopted, results in an X-ray emission almost 10× higher than estimates for galaxies of similar v c as that in our study. Numerical and semi-analytical results (e.g Borgani et al. 2002 , Babul et al. 2002 show that significant energy injection leading to an entropy floor of 50-100 keV/cm 2 , is needed on the mass scale of small groups (just a factor of ten higher than those of our study) to reduce the fraction of hot baryons and reconcile models with the observed X-ray Luminosity-Temperature relation. There is little evidence for SN energy injection of this magnitude in dwarf galaxies (Martin 1999) , but it is possible that a combination of SN and AGN activity linked to bulge formation (Binney, Ortwin & Silk 2001 ) could simultaneously reduce the baryon fraction in the halo and quench early star formation in the disk and the satellites, making a large fraction of them "dark". If energy injection is required regardless of cosmology, then the need to invoke non standard dark matter models will be substantially weakened.
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